The medial pontine reticular formation (mPRF), and specifically the nucleus reticularis pontis oralis and nucleus reticularis pontis caudalis contain neurons that are involved in numerous behaviors. These two nuclei contain reticulospinal neurons (Grantyn et al., 1980; Mitani et al., 1988) that are involved in motor activities (see review by Peterson, 1979) , such as locomotion (Jordan, 199 1) and oculomotor saccades (see review by Steriade and McCarley, 1990) . A strong argument has also been made for participation of mPRF neurons in the startle response (Davis, 1984) . The activity of mPRF neurons is altered during changes in behavioral state, and there is evidence that neurons of the mPRF are involved in the expression of the phenomenology of rapid eye movement (REM) sleep (see discussion by Steriade and McCarley, 1990) .
It has been reported that approximately half of the afferent projections of these nuclei are from other reticular formation neurons (Shammah-Lagnado et al., 1987) . In spite of the apparent importance of reticula-reticular projections, little is known of the transmitters involved in these networks. McCarley and coworkers have reported the presence of excitatory synaptic connections between neurons of the mPRF (McCarley et al., 1987; Ito and McCarley, 1987) . These authors have indicated that in the majority of neurons examined in vivo, fast EPSPs with monosynaptic latency were evoked. Fast EPSPs of the type indicated by those studies are typically mediated by either nicotinic cholinergic synapses or excitatory amino acid (EAA) synapses. There are few cholinergic (ChAT-positive) neurons in the mPRF (Jones, 1990) ; thus, the neurotransmitter mediating fast excitatory synaptic transmission of reticula-reticular synapses is probably an EAA. This conclusion is supported by an increasing number of reports of behavioral responses elicited by local application of EAA agonists into the pontomedullary reticular formation (Lai and Siegel, 1988, 199 1; Noga et al., 1988) .
Based on binding studies, EAA receptors exhibit relatively low density in the reticular formation (Monaghan and Cotman, 1982; Rainbow et al., 1984 Rainbow et al., , 1987 Cotman and Monaghan, 1987) . The low binding density of EAA receptors may simply reflect the presence of dense myelinated fibers and resulting lower density of neuronal somata in the reticular formation and have no bearing on the importance of these receptors in reticular formation synaptic transmission.
We have used intracellular recording methods to examine the responses to EAAs and their role in synaptic transmission in mPRF neurons in an in vitro brainstem slice preparation. We find that each of the three ionotropic EAA receptors is present on mPRF neurons and that both non-NMDA and NMDA receptors may be activated by synaptically released neurotransmitter in the mPRF.
Materials and Methods
Long-Evans hooded rats of either sex aged 8-20 d were anesthetized and then decapitated. The brain was rapidly removed and immersed in ice-cold artificial cerebrospinal fluid (ACSF). The brainstem was removed with a cut caudal to the pons and a cut at the level of the superior colliculus. Much of the cerebellum was removed with a horizontal cut that spared the pons. This tissue block was then affixed to a chuck with cyanoacrylate glue, immersed in cold oxygenated ACSF, and sliced on a vibratome to obtain three or four 500-pm-thick coronal slices containing the mPRF.
The slices were incubated in a holding chamber at room temperature PM; the thickened baseline is due to increased firing; action potentials are truncated by the chart recorder). There is a decrease in the amplitude of potentials resulting from square current pulses (300 pA; downward deflections) consistent with a decrease in input resistance. B. Under voltage clamp, AMPA application results in an inward (downward) current. Current required to achieve command steps (-65 to -80 mV, downward deflections) was increased demonstrating an increase in membrane conductance. The inward current and conductance increase elicited by AMPA were blocked by kynurenate (1 mM).
digitized and stored on videotape and on disk. Input resistance was monitored by passage of square current pulses while in the bridgebalance mode.
Results
The actions of EAA agonists were examined on 78 neurons of the mPRF. Application of glutamate (lo-100 /IM) in the superfusion medium resulted in depolarization and increased firing in all neurons tested (n = 7). Non-NMDA responses typically result from increased conductance of a mixed cation-selective channel (Mayer and Westbrook, 1985) . These conductances are typically linear with respect to membrane potential with reversal potentials near 0 mV (Mayer and Westbrook, 1987) . We examined the voltage dependence of AMPA and kainate responses. The steady-state current-voltage (Z/I/) relation was determined using ramp voltage commands (from -100 to -30 mV at 2.5 mV/sec). Z/V relations are shown in Figure 3 . The whole-cell Z/V relation is shown under control conditions as well as in the presence of 0.5 PM AMPA (Fig. 34 . There was an inward shift over the entire potential range examined. Subtraction of the two Z/V curves results in the Z/V relation of the current activated by eating that there was a decrease in input resistance. Under voltage-clamp control, AMPA treatment resulted in an inward current (Fig. 1B) . During AMPA treatment, the current required to achieve voltage step commands was increased, directly demonstrating an increased membrane conductance. The action of AMPA was blocked by treatment with the nonselective EAA antagonist kynurenic acid ( Fig. 1B ; it = 3; 1 mM).
Application of kainic acid also resulted in a depolarization ( Fig. 2A) . This response was also associated with a decrease in input resistance. Under voltage clamp, kainate treatment resulted in an inward current with increased membrane conductance (Fig. 2B, n = 10 ). The kainate response was blocked by 1 mM kynurenate ( Fig. 2B ; n = 5).
A VNMDA 300 pA AMPA (Fig. 3B ). This Z/l' relation is linear and consistent with a voltage-insensitive conductance having a reversal potential near 0 mV (n = 3).
Kainate had a similar action on the steady-state current-voltage relation. Kainate treatment shifted the Z/Vrelation inward (Fig. 3C) . The kainate-induced current (Fig. 30) was linear with respect to membrane potential, and its slope was consistent with a reversal potential near 0 mV (n = 2).
NA4DA responses
Application of NMDA by superfusion (l-l 0 PM) or by pressure (200 PM in the pipette) resulted in depolarization (Fig. 4A) . There was no clear change in the input resistance of the neuron during the NMDA-induced depolarization, even when the membrane potential was returned to the original resting potential. This was typical of recordings of membrane input resistance during NMDA treatment. Some neurons displayed increases in input resistance as assessed by current step injection.
Under voltage clamp, application of NMDA elicited an inward current (Fig. 4B) . We tested whether the NMDA-elicited current was sensitive to the NMDA receptor antagonist AP5. NMDA-induced currents were reversibly blocked by APS (60 PM; n = 3; Fig. 4C ).
In other vertebrate central neurons (see review by Mayer and Westbrook, 1987) , NMDA-activated conductances are voltage dependent. We examined the voltage dependence of NMDAmediated currents in mPRF neurons. NMDA currents increased dicate SD, n =-3; at -46 mV, n = 2). B, Individual NMDA current at -50 and -80 mV further demonstrates the enhanced current at more depolarized membrane potentials. C, The effect of NMDA on the steady-state UVrelation was also examined. NMDA shifted the Z/V curve inward in a nonlinear fashion. D, Subtraction of control and NMDA treatment Z/V relations gives the NMDA Z/V relation, which isnonlinear and has a region of negative slope conductance at potentials more negative than -45 mV. L in amplitude with depolarization ( Fig. 5A) with as much as a fivefold increase in amplitude over the potential range tested (-80 to -50 mV; Fig. 5B ). Further hyperpolarization of the membrane potential never resulted in reversal of the inward current to an outward current (n = 5).
To characterize the voltage dependence of the NMDA induced current further, the effect of NMDA on the steady-state Z/V relation was examined. The steady-state Z/V relation was recorded during ramp voltage commands (2.5 mV/sec) over the range of -110 to -40 mV (Fig. 5C ). The steady-state Z/Vrelation recorded during NMDA treatment was subtracted from that recorded prior to drug treatment, resulting in the NMDAsensitive current (Fig. 5D) . In every case, the subtracted NMDA current was voltage dependent (n = 5), increasing with depolarization with a maximal inward current near -40 mV. The voltage dependence of the NMDA response in other CNS neurons results from the voltage-sensitive channel block by magnesium ions (Mayer et al., 1984; Nowak et al., 1984) . We have examined the sensitivity of the NMDA responses in the mPRF to magnesium and found that superfusion of the slice with magnesium-free ACSF resulted in enhancement of the NMDA current (Fig. 6A ). This effect was slow in onset (> 10 min) but reversed rapidly (~2 min after the addition of 1.6 mM Mg*+ to the perfusate). Comparison of the NMDA-induced current in control and in "zero" magnesium ACSF indicates that in the absence of magnesium NMDA current is enhanced in a voltagedependent manner, the enhancement being more pronounced at hyperpolarized potentials (Fig. 6%D) . EPSPs EPSPs could be evoked by stimulation of the contralateral pontine reticular formation, using 100 Fsec extracellular current pulses delivered from a bipolar stimulating electrode placed on the contralateral mPRF. Following treatment with 5 PM strychnine [the majority of spontaneous postsynaptic potentials (PSPs) were blocked by 1 yM strychnine], short-latency (l-2 msec), depolarizing EPSPs could be evoked that were reversibly depressed by kynurenic acid (Fig. 7A) of evoked EPSPs was concentration dependent with an apparent KD near 300 PM (Fig. 7B) . Kynurenate (1 mM) never completely blocked the EPSP, so it is possible that a non-EAA component or a metabotropic EAA (Charpak and Gghwiler, 199 1) receptormediated component was present in the evoked EPSPs. The strychnine-insensitive EPSPs were voltage dependent. Hyperpolarization of the membrane potential reduced both the amplitude and the duration of the EPSP (Fig. 8A) . At more depolarized membrane potentials, the EPSP appeared to be biphasic in composition in some responses. This result was consistent with the presence of an NMDA component of the EPSP, so the sensitivity of the EPSP to selective blockers of non-NMDA and NMDA receptors was examined. DNQX, a selective antagonist of non-NMDA EAA receptors, was employed to determine the relative contribution of non-NMDA receptors in these synaptic potentials. DNQX (20 PM) depressed all evoked EPSPs examined (n = 20; range, 40-90%; Fig. 8B ). In the presence of DNQX (20 PM), addition of AP5 (50-60 FM) further reduced the EPSP in 5 of 12 neurons tested (Fig. 8B ).
Discussion
Our results indicate that almost all neurons ofthe mPRF contain functional receptors for EAAs. Most mPRF neurons have each of the three subtypes of ionotropic receptors. The presence of these receptors is consistent with a role of EAAs in synaptic transmission in the mPRF.
The non-NMDA agonists kainate and AMPA had similar actions on mPRF neurons. Both agonists caused depolarizations associated with inward currents as has been reported for these agents in other central neurons. Kainate (l-10 PM) and AMPA (0.3-1.0 FM) activated inward currents that were readily reversed with washout. Consistent with the reported actions of these two agents on CNS neurons, the currents had no apparent voltage dependence (Mayer and Westbrook, 1985 (Mayer and Westbrook, 1985) hippocampal neurons (Coan and Collingridge, 1985) and cortical neurons (Ascher and Nowak, 1988) . In a number of neurons, we were not able to maintain voltage control at the depolarized potentials required to demonstrate a positive slope conductance. These experiments were complicated by the activation ofinward currents in this region of the UVrelation, so we have not attempted to establish the voltage dependence of NMDA currents in a rigorous quantitative fashion.
NMDA responses in the mPRF are sensitive to magnesium in a manner consistent with the block of NMDA-activated channels by MgZ+ in spinal cord neurons (Nowak et al., 1984) . The slow time course of the enhancement of the NMDA currents when magnesium-free ACSF was introduced suggests that most ofthe magnesium must be removed before the magnesium block of NMDA currents is relieved. The KD for magnesium block of NMDA currents has been reported to be near 100 PM (Mayer and Westbrook, 1985) .
The block of the NMDA current by AP5 is consistent with the conclusion that receptors activated by NMDA in the mPRF are similar to NMDA receptors found in other mammalian CNS neurons. APS has been shown to displace specifically NMDA in binding assays (Monaghan and Cotman, 1985; Cotman and Monaghan, 1987) as well as to block NMDA responses preferentially in spinal cord and hippocampal neurons (see review by Mayer and Westbrook, 1987) .
Based upon the ubiquitous presence of postsynaptic responses of mPRF neurons to EAA receptor agonists, it is likely one or more of these receptors are involved in synaptic transmission in the mPRF. The stimulations employed in the present study to elicit PSPs almost certainly resulted in the activation ofaxons ofboth reticular and nonreticular origin. All excitatory fast PSPs were antagonized by greater than 90% by kynurenate. In light of the prevalence of reticula-reticular connections, it is likely that a component of the EAA-mediated synaptic responses we examined were of reticula-reticular origin. In any case, it is evident from the results presented here that EAA receptor-mediated synaptic transmission is important for reticular forma- tion function. The presence of both kainate and quisqualate receptors on these neurons makes either receptor a reasonable candidate for rapid excitatory neurotransmission.
The synaptic activation of NMDA receptors is of interest since these receptors mediate a more specialized form of transmission in regions where they have been examined (Coan and Collingridge, 1985; Nelson et al., 1986; Gallagher and Hasuo, 1989; Pan and Williams, 1989; Yoshimura and Jessell, 1990) . From the present results, it is not clear whether activation of NMDA receptors is limited to a functionally distinct subset of EAA synapses within the mPRF or whether NMDA receptors are involved in mPRF synaptic transmission in general. We did not attempt to maximize the NMDA receptor-mediated component of the EPSP by depolarization or by removal of magnesium. It is likely that the incidence of APS-sensitive components of the synaptic potential would have been greater under these conditions.
The role of NMDA receptors in synaptic plasticity seems to be established (Collingridge et al., 1983; Harris et al., 1984 ; see review by Collingridge and Bliss, 1987) , and their role in a form of slow transmission is also becoming appreciated. The presence of robust responses to NMDA on mPRF neurons raises the possibility that these receptors may also mediate specialized forms of synaptic transmission and possibly function in plasticity of reticular formation circuits. With the onset of REM sleep, mPRF neurons increase their firing rate and are depolarized by an accompanying EPSP barrage consistent with a sustained increase in excitatory transmission (Ito and McCarley, 1984) . This long-lasting change may involve NMDA receptor activation and play a role in behavioral state-related changes reported in this region.
